Abstract. Emulsions are widely used in various disciplines such as food, chemistry, and pharmaceuticals, due to their efficient encapsulation properties. Recently, the emulsion was emerged as a unique tool for fabrication of multi-complex microparticles, which used as drug delivery agents, as effective manipulators for sorting proteins, DNA, and etc. The high productivity of stable monodisperse emulsions formation is of great importance for these aims. Here, the step and the flow-focusing methods for water-in-oil drops formation in microfluidic chips were compared as a tool for generating well-defined and monodispersed drops using mineral oil as a continuous phase. As a result, drops diameter compares with aperture (nozzle) dimensions for the flow-focusing generator and their diameter is much higher for the step design. Monodispersion and productivity for the step-chip strongly depend on phase densities difference. Flow-focusing method is more suitable for fabrication of monodispersed microparticles and step method for rough technologies such as investigating in food industry or cosmetics.
Introduction
Emulsions have long been utilized in various fields, such as food industry, cosmetics, pharmaceuticals, etc. [1, 2] . Recently, the emulsions were emerged as a unique tool for fabrication of multi-complex microparticles, which used as drug delivery agents, effective manipulators for sorting proteins, DNA, and etc. [3] . To extend the opportunities of emulsions for microparticles generation, the high productivity of stable monodisperse emulsions generation is required. High monodispersity of emulsions can increase signal-to-noise ratio and improve predictability and standardization of assays [4] . There are classical bulk methods, such as colloid mills, mixers and sonicators, which give highthroughput emulsion generation but have lack control over droplet size and monodispersity.
Recently microfluidics technologies were introduced for droplet formation. These technologies are known as droplet microfluidics. Such emulsifier systems are usually based on T-junctions, co-flow or flow focusing generators, which enable to precisely control droplets size and achieve qualitative monodispersity. But these generators are significantly slower than the traditional emulsification techniques [5] . To overcome low productivity of microfluidic emulsifier systems scaling-up can be used [6] . [4] it was proposed to use parallel step emulsifier devises without shear stress and efficient nozzle clearance during droplet formation for high-throughput droplet generation. Their emulsifier worked well for a wide range of drops, sizing from 30 to 1000 μm (from 14 pl to 520 nl) with coefficient of variation (CV) ≤5.2% at production rates of 0.03 and 10 L per hour and achieved by 400 and 120 parallelized nozzles respectively. They used the high purity water (Milli-Q, USA) as a disperse phase and the fluorocarbon oil HFE 7500 (Novec Engineered Fluid, 3M, USA) as a continuous phase. The construction of the stepemulsification chip which allows self-cleaning of nozzles (step place) should provide both highthroughput and well-definite droplet sizes [4] . The microfluidic step-emulsifier operates with two immiscible liquids. The first liquid (dispersed phase) flow through nozzles of the device into a deep and wide reservoir (tank) with the second liquid (continuous phase). Under certain conditions, the confined stream of the disperse phase breaks into small monodisperse droplets at the step [7] . Efficient removal of the drops from the nozzle outlet is imperative to achieve high production rates while maintaining low CV. The self-cleaning method of steps is based on droplet buoyancy in continuous phase. Drops do not stay near the step exit, because they either fall under the action of gravity or float up [4] .
In this work, we compared the step and the flow-focusing methods for water-in-oil drops formation in microfluidic devices. A mineral oil was used as a continuous phase due to its low cost compared with fluorocarbon oil. The flow focusing design was used due to its operating principle which is based on the fact that the continuous phase flowing through two side channels meets the dispersed phase at a channels' intersection, where the dispersed phase is squeezed by the continuous phase and breaks up into droplets. It allows avoiding a contact of forming droplets with channels' walls and helps to prevent potential negative effects on sample's components of the dispersed phase [8] .
Materials and methods
The PDMS microchips were fabricated by standard soft lithography method [9] . In case of the flow-focusing design, to cover a PDMS replica, an oxygen plasma bonding with a glass slide was used. To cover a PDMS replica for the step emulsifier, an oxygen plasma bonding with a PDMS film was used. To create hydrophobization coating on microchannels walls, commercially available antirain agent Turtle Wax (the USA) was used. The mineral oil (330779 light, Sigma-Aldrich) with the 3.5% surfactant Abil EM 180 was used as a continuous medium. The oil density was 0.84 g/cm 3 . The surfactant is needed to prevent the droplets coalescence and provide droplets stability. Deionized water was used as a disperse phase. In the flow-focusing droplet generator microchannels height was 40 µm, output channel width was 200 µm and aperture width was 15 µm (figure 1a). The step microchip had 256 nozzles with dimensions 45x15 µm 2 (figure 1d). In case of the flow focusing device, two syringe pumps PHD 2000 (Harvard Apparatus) with 100 µl and 500 µl Hamilton-Microliter Series Gastight syringes for dispersed and continuous phases respectively were used. In contrast, to making an emulsion in the step generator, only one dispersed phase was pumped by the one syringe pump PHD 2000. During droplet generation in the step microchip, the dispersed phase flows into the opened reservoir with volume ~10 ml of the continuous medium (figure 1d). The tank was made like a sandwich by an oxygen plasma bonding of two glass slides 5x10 cm 2 and 5 mm PDMS layer between slides. The water-in-oil drops formation in the flow-focusing chips was studied by optical microscope Leica DM4000 B LED (Leica Microsystems). Formation of droplets was recorded on video by the LEICA camera. MatLab script was used to recognize drops on video frames and obtain the dependences of droplet diameter and productivity for the flow-focusing method. In case of the step emulsifier, the digital USB microscope Prima Expert was used. To analyze drop diameter, also the MatLab script was used. The productivity for the step method was estimated as the water flow rate divided by the average diameter. 
Results and discussion
The drop formation regime (jetting, dripping) depends on capillary number, which describes a ratio of the forces of surface tension and viscous [10] . The dripping mode was in both types of droplet generators.
The flow-focusing microfluidic droplet generator with the aperture 15 µm allowed to form small volume droplets in the range of diameters from 20 to 70 µm (figure 2a). These diameters correspond to volumes in the range from 4 to 180 pl. The data indicates that droplet diameter depends only on the ratio between disperse and continuous phases flow rates, not by their values. An emulsion is monodisperse at any stable regime, the CV is ≤1%. To estimate the CV, probability as function of the drop diameter data was approximated by a Gaussian (figure 2b). Moreover, the droplet production rate was analyzed. The productivity is strongly depends on both flow rate values and their ratio. The single flow-focusing generator provided the productivity up to 200 Hz.
In case of the step emulsifier, droplet diameter (figure 2c) was in the range from 350 to 750 µm (from 20 to 220 nl) and had up to 22% CV, so it was a quite polydisperse emulsion. To find the CV, also a probability as function of the drop diameter data was approximated by a Gaussian (figure 2d). The maximum productivity was up to 1800 Hz. Note that the 1800 Hz production corresponds to 256 
